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GASTROESOPHAGEAL REFLUX DISEASE and asthma are two common ailments in Western society that contribute to an enormous public health burden (30, 34) . Although considered two separate diseases, there is widespread belief that reflux disease may contribute to airways hyperresponsiveness (AHR) in patients with and without asthma (9, 21, 22, 41) . For instance, esophageal pH monitoring has documented esophageal acid reflux in 30 -80% of asthmatics, many of whom often report no refluxrelated symptoms (20, 48, 52) . Equally compelling evidence for a causal link between these conditions is the near twofold risk of self-reported asthma and threefold risk of nocturnal asthma symptoms in patients with reflux disease (17) . Indeed, this link has been the primary motivation for empiric treatment of patients with cough or difficult-to-control asthma with pharmacological gastric acid suppression, sometimes even in the absence of overt reflux or heartburn symptoms (23, 28) .
The confusion that surrounds the link between reflux disease and asthma may be in part due to the manner in which many patients are labeled as having "asthma," a diagnosis that requires either a demonstrated response to inhaled bronchodilators or an exaggerated decline in airflow following provocation with exercise or inhaled methacholine (10) . The latter criterion, termed AHR, is a highly sensitive test for the presence of asthma. However, conditions other than asthma may also cause AHR (10) . In particular, we hypothesized reflux and aspiration of gastric acid could damage the airway epithelium in a manner that would impair its ability to serve as a barrier between the airway lumen and the underlying smooth muscle. This would in turn allow provocative agents such as methacholine aerosol freer access to the smooth muscle, resulting in hyperreactivity via the same mechanism we have previously demonstrated to be responsible for the development of AHR following instillation of cationic protein (5, 26) . Certainly, epithelial barrier disruption is known to occur following concentrated acid instillation (16) , but whether this occurs with a more clinically relevant aspirate pH has not been explored.
Accordingly, in the present study, we tested the hypothesis that aspiration of fluid with a pH at the upper end of normal gastric acidity causes disruption of airway epithelial barrier function, resulting in AHR to methacholine challenge (38, 39) . We further determined whether such AHR could be attenuated by raising the pH of the aspirate to that of gastric contents in patients taking gastric acid-suppressing medication (13, 44) .
METHODS
Aspiration protocol. All protocols were approved following review by the Institutional Animal Care and Uses Committee at the University of Vermont, and all animals were habituated and housed in a pathogen-free facility at the University. Eight to ten-week-old female BALB/c mice (JAX Labs, ME) were studied at either an acute (2 h) or a delayed (24 h) interval following aspiration. For the 24-h interval, mice aspirated 75 l of nonbuffered normal saline combined with HCl to a pH of 1.8, 4.0, or 7.4 (n ϭ 7 per group). Mice received similar exposures for the 2-h interval, but an additional group was assigned to sham aspiration to control for effects of residual airway fluid. Mice were deeply anesthetized in a plexiglass chamber with 5% inhaled isoflurane until respirations slowed to 1 breath/s. They were then hung semi-recumbently by their teeth, and their tongue was retracted with padded forceps to allow for visualization of the vocal cords. The solution (or nothing in the case of sham) was then slowly delivered to the deep posterior oropharynx with a plastic-tipped pipette during deep agonal breathing. The tongue remained retracted to prevent swallowing and to allow for audible passage through the vocal cords until the volume was fully aspirated. Mice recovered from anesthesia within seconds.
Methacholine aerosol challenge. At either 2 or 24 h following aspiration, mice were anesthetized with intraperitonal (IP) pentobarbital (90 mg/kg), tracheostomized with an 18-gauge metal cannula, and connected to a flexiVent (SCIREQ, Montreal, Canada) computer-controlled small animal ventilator. Mice received a tidal volume (VT) of 10 ml/kg at 180 breaths/min with 3-cmH 2O positive end-expiratory pressure. The mice were paralyzed with IP pancuronium bromide (0.5 mg/kg) and were allowed 5 min for full effect of the drug. Heart rate was monitored by electrocardiogram to ensure proper anesthesia. Lung volume history was normalized by delivering two deep nonsustained lung inflations (DIs) (1.0 ml, constant flow, pressure-limited to 35 cmH 2O) over 4 s, allowing for complete passive exhalation between DIs. This was followed by two baseline Zrs measurements during regular sinusoidal ventilation. Aerosol challenge was delivered by channeling inspiratory flow from the ventilator through a BeetleNeb ultrasonic nebulizer, during which time the piston delivered a VT of 40 ml/kg at 30 breaths/min. At completion of aerosol delivery, rate, and VT returned to 180/min and 10 ml/kg, and Zrs was measured every 15 s over 5 min, followed by two DIs to re-open the lung. Following saline aerosol challenge, the protocol was repeated with methacholine (MCh) concentrations of 3.125, 12.5, and 50 mg/ml (Fig. 1) .
Impedance data analysis. Zrs was determined via Fourier transform from the signals of ventilator piston volume displacement and cylinder pressure, measured during 2-s oscillatory volume perturbations. The perturbations were composed of 13 superimposed sine waves with frequencies ranging between 1 and 20.5 Hz and mutually primed to reduce harmonic distortion (2, 4) . Zrs itself was interpreted by being fit to the constant phase model of the viscoelastic lung, from which the parameters R N, G, and H were derived. The parameter RN characterizes airways resistance, whereas G and H characterize the dissipative (tissue damping) and elastic properties of the lung tissues, respectively (19) . Successive measurements of Zrs using this 2-s perturbation did not demonstrate any significant effect of start-up transients on the parameter values.
BALF collection and analysis. Following MCh challenge, the mice were euthanized with pentobarbital, and bronchoalveolar lavage fluid (BALF) was obtained by instilling 1 ml of PBS through the tracheal cannula and suctioning back for a return of ϳ0.9 ml. Immediately following collection, the BALF was centrifuged, and the supernatant was stored at Ϫ80°C. The cell pellet was resuspended, and the total cell count was determined by an Advia 120 hematology analyzer (Bayer, Tarrytown, NY). Cytospun slides were stained with hematoxylin and eosin for differential count determination. Protein content was calculated using a colorimetric assay (Bio-Rad Laboratories, Hercules, CA), standardized to graded concentrations of bovine serum albumin (BSA). To provide an additional index of epithelial barrier integrity at 2 and 24 h, a separate set of mice not undergoing MCh challenge (n ϭ 6 per group) were analyzed for airway permeability to FITC-dextran following acid aspiration (FD4, Sigma Labs) as previously described (2, 18) . Briefly, FITC dextran solution (2.5 mg/ml) was injected (200 l) at 2 or 24 h following acid aspiration and measured via fluorescence of the BALF 30 min after tail vein delivery.
All graphing and statistical analyses were performed using Origin software (version 7.5, Northampton, MA). ANOVA was used to compare differences in the magnitude of response to MCh, cell counts, and BAL protein values among all groups, followed by post hoc Bonferonni tests for means comparison between groups. Figure 2 plots the complete time courses of R N , G, and H at the 2-h time point measured in all experimental groups following each challenge. The responses to each challenge varied substantially in terms of magnitude but in most cases exhibited a common temporal pattern beginning with a rapid rise to a sharp peak (with the exception of H at low MCh doses) that rapidly descended to an intermediate plateau. The plateaus were generally quite stable, although most exhibited an increasing trend at the highest dose of MCh. These plateaus of all three parameter measurements remained elevated until airways were reopened with two deep inspirations, after which they returned essentially to baseline. The responses obtained at the 24-h time point were similar in nature to those in Fig. 2 but were reduced in magnitude.
RESULTS
To quantify the various responses in R N , G, and H, we had to extract a single value from the postchallenge time courses shown in Fig. 2 . In the case of R N and G, we used the value of the earliest peak as a measure of the degree of smooth muscle contraction, whereas for H we used the early peak value, and if no obvious peak was present, we used the high point within the first six measurements. The results for all study groups at both 2 and 24 h are shown in Fig. 3 . There were no significant differences between the baseline values of R N , G, and H, indicating negligible disruption of baseline lung mechanics at any pH. As expected, all parameters increased progressively with each increasing MCh dose. Most importantly, however, in many instances, for a given concentration of MCh, the parameter values increased significantly as the pH of the aspirate decreased. At the 2-h time point, the pH effect on R N was particularly significant at lower MCh concentrations, whereas at the highest dose of MCh the elevation in peak R N in the pH 1.8 group only reached statistical significance compared with that of the sham group (Fig. 3, top left) . Thus acid aspiration led to an apparent leftward shift in the dose response curve at 2 h (hypersensitivity), with a lesser effect on the maximal response (hyperreactivity) (15, 49) . In contrast, at 24 h, decreasing pH increased maximal R N reactivity with little effect on sensitivity (Fig. 3, top right) . Decreasing pH also caused the peaks in R N to be achieved slightly earlier at both 2 h (Fig. 2 , top left) and 24 h (Fig. 2, top right) . The picture for H was somewhat different with pH having a less robust effect on hypersensitivity at 2 h and a predominant effect on maximal reactivity at 24 h (Fig. 3, bottom) . The effect of pH on G (Fig.   Fig. 1 . Schematic outline of aspiration and methacholine challenge protocol. Hrs, hours; DI, deep inflation; HCl, hydrochloric acid; BAL, bronchoalveolar lavage; IV FITC, intravenous fluorescein isothiocyanate.
3, middle) was intermediate between that on R N and H but again predominantly affected hypersensitivity at 2 h and maximal reactivity at 24 h.
Analysis of the cells in the BALF indicated that acid aspiration caused a mild inflammatory reaction in the lungs of the mice, as shown in Fig. 4 . BALF total cell counts were significantly increased in the pH 1.8 group relative to the pH 4.0 group at both the 2-and 24-h time points. Neutrophil counts were significantly greater in the pH 1.8 group compared with both pH 4.0 and pH 7.4 groups, the effect being somewhat more pronounced at 24 h.
The concentration of protein in BALF, serving as a marker of barrier disruption averaged over the time since aspiration, was significantly increased in the pH 1.8 group compared with the pH 4.0 and pH 7.4 groups, as shown in Fig. 5A . Figure 5B shows that similar differences were observed in BALF concentrations of FITC-dextran, serving as an indicator of epithelial permeability at the time of measurement. Figure 6 shows that BALF protein levels in individual mice correlated significantly with their respective peak values of R N following challenge with 3 mg/ml MCh (sensitivity) at 2 h (r 2 ϭ 0.4993, P ϭ 0.0002) but not at 24 h (r 2 ϭ 0.0007, P ϭ 0.91).
DISCUSSION
We have shown that aspiration of fluid with a pH comparable to that of normal gastric contents can elicit both an acute and sustained increase in AHR in otherwise naive mice without significantly altering baseline lung mechanical function. Furthermore, increasing the pH of the aspirate to a level comparable to that of gastric contents in patients on gastric acidsuppressing medication (13, 44) reduces airway responsiveness to a level comparable to that following aspiration of fluid at a normal physiological airway pH of 7.4 (29) . This suggests that a critical level of aspirate pH exists, below which significant AHR is induced. Importantly, our results indicate that this critical pH level lies within the range that can be manipulated by current acid-suppressing medications (13, 44) .
The patterns of responsiveness we observed at 2 and 24 h after aspiration suggest that the mechanisms involved in acid- induced AHR change with time. At 2 h, there was a leftward shift in the R N dose-response relationship to saline and MCh, with a less significant pH effect at the maximal dose of 50 mg/ml (Fig. 3, top left) . Admittedly, this lesser difference between groups at 50 mg/ml could have simply been due to added variation in measurement or having actually missed the true peak by the time of our first sampled values. This leftward shift in the dose response curve at 2 h represents a pattern commonly referred to as "hypersensitivity" or a proclivity to react to doses at which normal subjects will not typically respond (15, 49) . This is typically differentiated from "hyperreactivity," which is defined by a greater (and possibly unlimited) maximal response to escalating doses at which even normal subjects respond (15, 49) . Since R N is a measure of airways resistance (19) , this suggests that the acute aspiration of acid led to a hypersensitivity of the conducting airways. The mechanism responsible is suggested by our measurements of BALF protein (Fig. 5A ) and FITC-dextran (Fig. 5B ). Both markers of epithelial permeability were increased significantly at 2 h in the most acidic group compared with the others, suggesting that aspirating pH 1.8 fluid compromised epithelial barrier function. A reduction in the epithelial barrier would be expected to promote a more rapid and complete egress of MCh aerosol to the underlying smooth muscle, leading to a more robust accumulation of MCh at its muscarinic receptor and a more rapid onset to peak response (37) . Indeed, we have previously found a similar effect to occur following intratracheal instillation of poly-L-lysine, a cationic protein known to disrupt epithelial barrier integrity (5, 26) . The peak and plateau values for the parameters G and H also increased inversely with pH at 2 h, the effect being most pronounced at the highest MCh concentration (Fig. 2, left middle and bottom) . The MCh dose-dependent increases in plateau values for G and H are likely due to a progressively increasing degree of peripheral airway closure (40) that persists beyond the immediate effect of MCh on airway narrowing and secretions. This is supported by the drop in these values below the plateau following airway reopening with deep inflation at the end of each measurement period (Fig. 2) . Alternatively, the plateau in G could also represent an increase in heterogeneity imposed by patchy peripheral airway narrowing (31) , which would also be expected to drop in response to DI.
At 24 h following aspiration, the picture is somewhat different. Here, the MCh responses in R N , G, and H were noticeably reduced compared with 2 h in mice aspirating a pH of 7.4 and 4.0, but less so in mice aspirating pH 1.8 (Fig. 3,  right) . Furthermore, the peak R N and G responses at 24 h in the pH 1.8 group were manifest primarily as an increased reactivity to high MCh concentrations, with none of the hypersensitivity to saline and lower doses that was observed at 2 h. This suggests that barrier function and airway responsiveness following aspiration of less acidic fluids were in the process of recovering toward normal by 24 h. However, even at the lowest pH of 1.8, markers of epithelial permeability were somewhat reduced at 24 h compared with 2 h (Fig. 5) , suggesting that even this degree of barrier disruption was beginning to recover by 24 h. Interestingly, neutrophil counts were increased at 24 h compared with 2 h in the pH 1.8 group (Fig. 4) , and this may perhaps account for the persistent response in R N , G, and H to maximal dose MCh observed at 24 h. We have previously shown that allergic inflammation in mice can cause a substantial increase in the MCh responsiveness of H due to peripheral airway closure (40) . However, the lack of any commensurate increase in peak impedance response to low and intermediate doses of MCh to match the increase in airspace neutrophils between 2 and 24 h further supports the notion that the AHR at 2 h was not the effect of inflammation but rather due to a disruption in airway barrier integrity.
One question that arises from our observations is why airways responsiveness was elevated above that of controls with the weaker acid of pH 4.0, as occurred at intermediate MCh doses at 2 h (Fig. 3, left) . One potential explanation is that there was a small degree of barrier disruption at pH 4.0 that was not detectable by BALF protein or FITC-dextran. However, even the sham group had elevated protein at 2 h compared with 24 h (Fig. 5A) , suggesting that the mere airway manipulations involved in delivering an aspirate may have imparted some degree of transient airway damage. Also, in the animals that aspirated fluid, the decrease in AHR between 2 and 24 h in the higher pH groups may have been in part due to a clearance of airway lining fluid over time. Such residual airway fluid in these groups early on would accentuate liquid cross-bridge formation and distal airway closure during the process of acute MCh-induced airways constriction (7, 25) . Indeed, an effect of residual airway fluid on AHR at 2 h is implied by the elevation in MCh response in mice aspirating saline (pH 7.4) compared with sham, particularly in the plateaus of impedance parameters following 50 mg/ml MCh (Fig. 2) .
The effect of residual airway fluid on AHR, although not entirely accounting for the pH-dependent increase in AHR at 2 h compared with sham (Fig. 3, left) , also raises the question of whether other phenomenon such as protein inhibition of surfactant could lead to enhanced surface tension and distal airway closure (46) . Although we cannot discount this as a potential contributing factor in the pH 1.8 group (higher protein at 2 and 24 h), the lack of any differences in BALF protein between the sham and pH 4.0 and 7.4 groups (Fig. 5 ) suggests this to be of negligible consequence for differences in AHR observed between these groups. Furthermore, although we acknowledge that other models of more acidic aspiration injury demonstrate injury to the alveolar-capillary barrier (1, 14) , there are a number of reasons why we assert that our findings are more likely to demonstrate a disruption of the proximal airway epithelium. First, whereas BAL fluid is typically bloody in models of ALI involving a disrupted alveolarcapillary barrier, the spun cell pellets from the BALF in this study were free of blood, both grossly and microscopically. In addition, in ALI models that involve direct injury to the alveolar-capillary barrier, the resulting pulmonary edema that ensues will lead to lower baseline aerated lung with rapid accrual of atelectasis following DI, respectively leading to elevated baseline values and progressive rises in G and H over time (1, 3) . This was not the case in the present study since G and H remained quite stable after saline challenge once the small peak effect resolved. In fact, the rapid speed with which impedance parameters initially achieved their peak and quickly dropped back down to a lower plateau level suggests a rapid and transient central airways response and would not be expected to recover so quickly or respond so readily to deep inflation if the response were due to a disruption of the alveolar-capillary barrier.
Our data thus support the hypothesis that the primary mechanism responsible for the hypersensitivity to MCh at 2 h following acid aspiration is a disruption of epithelial barrier function. Studies using acid aspiration to induce acute lung injury (ALI) have demonstrated significant disruption of epithelial barrier function manifest as increased permeability (2, 16, 33, 35) , but these models have employed considerably stronger preparations of acid than that used in the present study. These previous studies also did not investigate the effects of acid on airway responsiveness. Nevertheless, prior in vitro work with confluent bronchial epithelial layers have demonstrated that weaker preparations of acid are capable of increasing paracellular permeability (51, 53) with a steep dose response to acidity (51) . Notably, the ALI that follows aspiration of stronger acid preparations has been shown in some models to be biphasic in nature, with an early direct disruption in permeability and a later phase characterized by recovery in barier function accompanied by an influx of neutrophils (33), which is highly analogous to the results of the present study (Figs. 4 and 5) .
Our study has important clinical implications for patients with active reflux disease who present with "asthma-like" symptoms and are subsequently tested for asthma via MCh challenge, but do not have bona fide allergic asthma. If such patients have neither atopy nor allergic airways disease, our results suggest that gastric acid suppression alone may be sufficient to control their AHR and asthma-like symptoms. This may help to resolve what has thus far been a controversial issue. Many experts continue to recommend the use of gastric acid-suppressing medications for the control of cough and difficult-to-control asthma (22, 27) , even in the setting of unreported reflux symptoms (21) , but this has recently drawn greater controversy. Such practice has been substantiated in some small clinical studies (12, 23, 24, 54) but not in others (50) . For example, a large multicenter trial recently demonstrated that the use of acid-suppressing medications does not improve control of asthma in patients with silent (asymptomatic) reflux (42) . However, patients with overt reflux symptoms, the same patients likely to be suffering from microaspiration, were excluded from this trial. In another recent study of 63 children with nonatopic asthma, esophageal pH monitoring revealed evidence of reflux in 44 of them (42) . Among this group, anti-reflux therapy led to an improvement in lung function and a reduction in the number of exacerbations. Our results support these findings and imply that gastric acid suppression may be justified in a certain subset of patients with active GERD and "asthma-like" symptoms.
An important caveat of the inferences drawn from the present study is the somewhat simplified nature of our model. Although pharmacological agents such as histamine-2 receptor antagonists and proton pump inhibitors are quite effective at reducing gastric and esophageal acidity (13, 32, 43) , there exist other constituents of gastric juice aside from acid that could be playing a role in reflux-mediated cough and AHR. For example, aspiration of acid can synergistically promote airway injury when accompanied by particulate matter (11, 36) . Furthermore, it has been shown that the gastric digestive enzyme trypsin, a powerful serine protease, can directly induce intrapulmonary bronchospasm through its activity at proteaseactivated receptors (45) . However, trypsin may also confer a degree of bronchoprotection (47) , possibly by inducing release of prostaglandin E-2 from airway smooth muscle cells (8) . We must thus be cautious in making the inferential jump from a mouse model of acid aspiration to conclusions regarding acid suppression therapy in patients with AHR and reflux disease. Nevertheless, by showing how isolated acid aspiration can directly lead to in vivo AHR in a pH-dependent manner, we believe our results challenge what is precisely implied by a positive MCh challenge test and have helped broaden the differential list of potential causes of AHR during MCh challenge in the diagnostic evaluation of "asthma-like" symptoms.
We conclude that the aspiration of a weak acid with a pH comparable to that of normal gastric contents induces an acute central airway hypersensitivity pursuant to a disruption in airway epithelial barrier function. This barrier disruption facilitates the egress of MCh from the airway lumen to the underlying smooth muscle, resulting in an exaggerated and accelerated airways response (6) . Furthermore, the persistence of this airway hypersensitivity, over the 24 h following aspiration, is a function of the aspirate pH and is eliminated altogether if pH is raised to that of gastric contents found in patients on acid-suppressing medication. These findings support the notion that AHR discovered in patients with cough or asthma-like symptoms may in some cases be due to reflux disease alone. This lends credibility to current expert guidelines that recommend use of acid-suppressing medications for control of cough and asthma-like symptoms in patients with symptomatic or suspected reflux disease (22, 27) .
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